after 500-600 ms. Negative relationships were observed between these levels of MEG responses and the number of food items for which the participants reported the motivation to eat during the MEG recordings. These findings indicate that the left DLPFC and SMA, particularly the DLPFC, play prominent roles in the suppression of motivation to eat. This may help to clarify the temporal aspects of the neural basis of self-control of appetitive motivation as well as aid development of self-control strategies such as cognitive behavioral therapy for patients with disordered appetite.
Introduction
Obesity represents a considerable health threat to modern adults and children worldwide (WHO, 2000) , and is an independent risk factor for various common diseases (Must et al., 1999) . Excessive weight gain commonly originates from an imbalance between expenditure versus intake of energy. Accordingly, the management of obesity, apart from exercise, mainly involves a calorie restricted diet. Furthermore, it has been reported that calorie restriction has an additional effect on lifetime extension in many animal species (Fontana et al., 2010) , suggesting that it may also be beneficial for humans. However, efforts to restrict calorie intake are often hampered in part by distorted appetite (Borer, 2010) . In this sense, both mental and physical health might partly depend on the ability to resist gratification by regulating the appetitive impulse to consume a desirable but unhealthy food.
Appetite is controlled not only by homeostatic requirements such as nutritional deficit but also by other factors, including cognition, emotions, and pleasure from food intake (Rolls, 2007) . In the homeostatic system, the hypothalamus senses the nutritional state of the body and thereby controls energy intake and expenditure. In contrast, the pleasure obtained from food intake can provide reinforcement for intake exceeding the homeostatic requirements and thereby lead to overindulgence in highly palatable foods. This hedonic component of feeding behavior is mediated by rewardrelated cortical and sub-cortical systems, including the ventral striatum, the ventral tegmental area, and the orbitofrontal cortex (OFC) (Berthoud, 2002 (Berthoud, , 2004 Berthoud and Morrison, 2008; Grill and Kaplan, 2002) . There is growing evidence suggesting that overeating is related to an imbalance in these homeostatic and hedonic systems. However, little is known about the neural mechanism that allows individuals to consciously suppress eating behavior (Carnell et al., 2012) .
In previous research on appetite and eating behavior using psychophysiological parameters, few studies have employed electroencephalography (EEG) and magnetoencephalography (MEG), and those that did employ these modalities focused primarily on the asymmetry of prefrontal cortex activation in response to viewing food pictures or that in relation to subjective scores of an overeating scale (Gable and HarmonJones, 2008; Ochner et al., 2009) . MEG monitors the electrophysiological rhythms inside the brain by measuring induced electromagnetic fields using electric or magnetic sensors over the scalp surface (Hämäläinen et al., 1993; He, 2004; Nunez and Srinivasan, 2005) ; it has an intrinsic high temporal resolution that allows tracking of rapid neurophysiologic processes at the neuronal time scale of milliseconds. This high temporal resolution enables determination of the flow of neural circuitry formed among multiple brain areas and the location of particular brain areas related to the regulation of appetitive motivation. To the best of our knowledge, few studies have investigated the neural responses to visual stimuli of food in the state of conscious suppression of motivation to eat by assessing electric or magnetic signal changes, and their association with the intensity of subjective motivation to eat. It is expected that elucidation of the mechanism of suppression of the motivation to eat will facilitate the development of objective tools for assessment and therapeutic strategies for various eating disorders characterized by irresistible impulse of motivation to eat.
In the present study, brain activities were measured using MEG in fasting individuals in response to the presentation of food pictures in the following two settings: (1) when one authentically expresses one's own motivation to eat the food (motivation sessions), and (2) when one sets one's intention that one must not eat the food (suppression sessions). The brain areas related to the suppression of appetitive motivation were determined by comparing MEG responses between these two sessions using the time-frequency analyses. In addition, to support the MEG data, correlation analyses were performed between the MEG responses and the subjective scores of motivation to eat during the MEG recordings.
Results

2.1.
Rating scores of hunger before recordings of MEG and those of appetitive motivation and of suppression during presentation of food pictures Before the MEG recordings, all participants rated their subjective level of hunger as almost excessive [1.970.3 (mean7SD) on a 5-point Likert-type scale]. The number of items for which participants reported having motivation to eat among 10 food items was 8.471.8 (mean7SD) during the motivation session, whereas the number of items for which the motivation to eat was suppressed was 9.371.4 (mean7SD) during the suppression session. These results indicate that participants were hungry and that they successfully experienced the motivation to eat and its suppression.
2.2.
Brain activation negatively associated with motivation to eat
In order to identify the brain regions specifically related to the subjective levels of suppression of appetitive motivation during the MEG recordings, correlation analyses were performed. The higher level of β-band (13-25 Hz) event-related synchronization (ERS) of the suppression sessions relative to the motivation sessions was identified 200-300 ms after the start of food picture presentation in the left precentral gyrus [Brodmann's area (BA) 6] corresponding to the supplementary motor area (SMA) (Fig. 1A) . The β-band ERS in the SMA was negatively correlated with the number of food items for which the participants had motivation to eat ( Fig. 1B; P¼0.041 ). In contrast, higher level of θ-band (4-8 Hz) event-related desynchronization (ERD) during the suppression sessions relative to the motivation sessions was identified 500-600 ms after the start of food picture presentation in the left inferior frontal gyrus (BA 46) corresponding to the dorsolateral prefrontal cortex (DLPFC) ( Fig. 2A) . A negative correlation was observed between the θ-band ERD level in the DLPFC and the number of food items for which the participants had motivation to eat ( Fig. 2B ; P ¼0.030). There were no correlations between β-band ERS level and θ-band ERD level. No significant differences were observed in ERS or ERD levels associated with the subjective motivation scores of appetite in other frequency bands. In addition, no significant associations were observed between the subjective levels of suppression of motivation to eat and the differences in ERS or ERD levels in any frequency bands.
Discussion
The present study demonstrated a higher β-band ERS level during the suppression sessions relative to the motivation sessions in the left SMA 200-300 ms after the start of food picture presentation. Similar differences were also observed in θ-band ERD in the left DLPFC 500-600 ms after the start of food picture presentation. Negative correlations were found between these levels of MEG responses in the SMA and DLPFC and the number of food items for which the participants had motivation to eat during the MEG recordings. Till date, several studies have investigated the association between neural activities elicited by food-related stimuli and various parameters such as the subscale scores of questionnaires representing cognitive dietary restraints in daily life (Burger and Stice, 2011; Cornier et al., 2010; DelParigi et al., 2007) . However, there are only a limited number of studies in which participants were instructed to suppress their motivation to eat during the brain scanning. For instance, a previous study investigated the control mechanisms of craving elicited by food and cigarettes (Kober et al., 2010) . During functional magnetic resonance imaging (fMRI), participants were exposed to photographs of cigarettes and high-fat foods under the following two conditions: (1) participants were instructed to consider the immediate gratification by consuming the pictured substances during the scanning in baseline trials, and (2) they were instructed to think about the long-term consequences of repeatedly consuming the pictured substances during the trials of craving regulation. In another study using fMRI, participants were either allowed to admit to the desire for the food or they were instructed to downregulate their desire by thinking of negative long-term health-related and social consequences while viewing a food image for 6 s (Hollmann et al., 2012) . The design of the present study was similar to these previous experiments in that they all simulated the cognitive control of eating behaviors.
Few reports have discussed the roles of the SMA in eating behavior and the suppression of motivation to eat. Hollmann et al. briefly suggested the possibility of an association of the activity in the SMA with response inhibition (Hollmann et al., 2012; Sharp et al., 2010) . Since the SMA is thought to be involved in the motor-related functions such as assembly of motor programs (Cheney, 1985; Wiesendanger, 1981; Roland et al., 1980) , the MEG response of the SMA observed in the present study might reflect the preparation and initiation of the motor programs that evoke eating behavior. However, regardless of the significant role of this brain region in eating behavior, the activation of the SMA could simply be the result of the participants' awareness of the difference between the suppression and motivation tasks-during the suppression sessions, it was necessary for the participants to concentrate on suppressing their motivation to eat the pictured food items, whereas during the motivation sessions they allowed to have their natural appetitive motivation. On the other hands, the DLPFC is well known to play important roles in cognitive control systems that orchestrate thoughts, emotions, and actions in accordance with internal goals (Carter and van Veen, 2007; Miller and Cohen, 2001; Ochsner and Gross, 2005) . Such a role of the DLPFC could also extend to eating behaviors under the cognitive regulation of the motivation to eat, as observed in previous studies (Hollmann et al., 2012; Kober et al., 2010) . Collectively, the present findings using MEG support the importance of the left DLPFC and SMA, particularly the DLPFC, in the cognitive regulation of motivation to eat.
Previous studies regarding cognitive regulation of eating behavior observed hemodynamic changes in response to food stimuli using fMRI (Hare, et al., 2009; Hollmann, et al., 2012) .
In the present study, the electrical activity related to the suppression of motivation to eat was first assessed using MEG, and its high temporal resolution enables assessment of the time course of brain activities when participants concentrate on suppressing their motivation to eat. In the present analysis, the latency of significant brain activity in the SMA was 200-300 ms, whereas that in the DLPFC was 500-600 ms after the presentation of the food picture. One possible explanation why the occurrence of the activity in SMA preceded that in DLPFC is that sensory information of visual food stimuli is sent from the sensory area to the SMA in advance, and then transmitted to the DLPFC. The input from the SMA to the DLPFC might in turn provide the resource for the subsequent suppressive signals from the DLPFC. In addition, a previous study using similar instruction during brain scanning showed significant activation of the striatal-DLPFC pathway in the regulation of craving in response to various kinds of affective cues, such as highly rewarding food cues (Kober et al., 2010) . Due to the spatial disadvantages of MEG analyses, however, we could not examine the involvement of the striatum in the present study setting. Accordingly, further studies will be needed to examine the temporal relationship of the interplay among multiple brain areas, including regions other than the DLPFC and SMA.
Furthermore, the time-frequency analyses were performed and significant results were obtained in terms of ERS and ERD. In general, oscillatory brain rhythms are considered to originate from synchronous synaptic activities of a large number of neurons, leading to integration of information processing (Brookes et al., 2011) . Such synchronization processes can be evaluated using MEG time-frequency analyses (Varela et al., 2001) . Also, the spatiotemporal balance of synchronization and desynchronization is functionally and behaviorally important (Breakspear et al., 2004; Friston, 2000; Rodriguez et al., 1999) . In the present analysis, higher levels of β-band ERS were found in the SMA and higher levels of θ-band ERD were found in the DLPFC. Previous studies showed electrophysiologic activities in the motor-related brain area at the β band Schoffelen et al., 2008) and those in the DLPFC relating to global communication of information among various brain regions at the θ-band (Başar et al., 1999 (Başar et al., , 2001 . Thus, the present findings in each brain region appear reasonable. No correlations were observed between β-band ERS and θ-band ERD in the present data. The physiological implication of similarity and difference between ERD and ERS remains to be elucidated. Accordingly, its implication in the appetite regulation is currently a matter of speculation. Future studies will be needed to address this point in the brain mechanism of appetite regulation.
Another notable finding of the present study is the correlations between the brain activity and subjective scales. Participants replied that they were able to suppress the motivation to eat almost all food items during the suppression sessions, but the number of food items they replied as having motivation to eat during the motivation sessions ranged from 5 to 10. Interestingly, the ERS levels in the SMA and the ERD levels in the DLPFC were negatively correlated with the number of food items for which the participants had motivation to eat during the motivation sessions. In contrast, these electrophysiologic levels were not correlated with the number of food items for which the participants were able to b r a i n r e s e a r c h 1 5 4 3 ( 2 0 1 4 ) 1 2 0 -1 2 7 suppress the motivation to eat during the suppression sessions. These results indicate the reduced activation of these neural substrates in individuals with high motivation to eat. In particular, considering the roles of DLPFC in effortful implementation of self-control (Heatherton and Wagner, 2011) , it is possible that, despite the subjective rating of suppression as almost complete, the neural mechanisms for the self-control of eating behavior are not properly activated as expected in individuals with high motivation to eat. In other words, the activation of the left DLPFC can easily dampen the motivation to eat in individuals without high motivation to eat. The present results indicate that top-down control mechanisms exert the suppression of the desire for food using cognitive strategies. The present findings provide some helpful information in addition to previous observations by assessing hemodynamic responses commonly used in brain research on eating behavior.
The present study has several potential limitations. First, the brain activity was examined in normal-weight young adults without apparent eating disorders during a fasted state. In order to clarify the neural mechanisms of self-control of appetitive motivation in general, further studies using similar MEG analytic methods will be needed in obese subjects and/or during satiety. In particular, the inclusion of obese subjects would make the studies significantly more powerful as the field moves toward treatment solutions for obesity and eating disorders. Although we attempted to recruit females, we did not have any females willing to consent to the MEG experiment given that need to remove all metallic elements (including brasseries and jewelry). Furthermore, the neural mechanisms of self-control of overeating also require investigation by examining the brain activity after eating moderately. The design of the present study assessed brain activity induced by visual food cues. Since eating behavior can be evoked through multiple sensory systems, in order to generalize the results of our data, future studies using other sensory modalities are essential. Regarding the sensory pathways, the present study did not obtain any significant ERD/ERS results in insular cortex by narrow-band adaptive spatial filtering methods. In our previous experiment (Yoshikawa et al., 2013) , however, we detected significant responses of insular cortex in the motivation session as assessed by equivalent current dipole (ECD) analysis. While the ECD analysis can be used to detect an immediate response to sensory stimuli, the filtering method has a property of detecting brain responses in a range of time window. Accordingly, this is a methodological limitation. We focused on the filtering method in the present study.
In conclusion, the present study revealed that the DLPFC and SMA, particularly the DLPFC, play prominent roles in the suppression of motivation to eat. Of note, by the high temporal resolution of MEG, the present study identified not only the brain areas which are related to controlling appetite but also showed the temporal order of their activities at the neuronal time scale of milliseconds. These results provide evidence that these neural pathways play pivotal roles in the neural network systems of appetitive regulation. These findings may help to clarify the neural basis of the self-control of appetitive motivation among individuals with normal eating behaviors as well as those with abnormal eating behaviors. Furthermore, the results may aid the future development of self-control strategies such as cognitive behavioral therapy for patients with disordered appetite.
4.
Experimental procedures 
Experimental design
Experiments were conducted in a magnetically shielded room at Osaka City University Hospital between 10:00 AM and 12:00 noon. For one day before the visit, the participants were instructed to finish dinner by 9:00 p.m. and to fast overnight (they were only allowed to drink water), to avoid intensive physical and mental activities, and to maintain normal sleeping hours. After the visit, they were asked to rate their subjective level of hunger on a 5-point Likert-type scale ranging from 1 (Yes, I am very hungry) to 5 (No, I am not hungry at all). The MEG examination consisted of four motivation sessions and four suppression sessions in an alternating and counterbalanced order (Fig. 3) . Pictures of food items and mosaic pictures created from the same food pictures were projected onto a screen as visual stimuli during these sessions. In the motivation sessions, the participants were instructed to have appetitive motivation (without recalling past experience or gustatory imagery) as if they brought each food item to their own mouth every time when the food Motivation session (5 min) 50 food pictures + 50 mosaic pictures
Rest (1 min)
Suppression session (5 min) 50 food pictures + 50 mosaic pictures items were presented on a screen. In the suppression sessions, they were instructed to suppress appetitive motivation by thinking about the long-term consequences of eating the food even though they want to bring each food item to their own mouth every time when the food items were presented. In both sessions, they were instructed to just see the screen when mosaic pictures were presented. The intersession intervals were set at 1 min. While in a supine position on a bed, the participants were requested to keep both eyes open and to fixate on a central point on the screen throughout the sessions. After the MEG recordings, they were asked to answer yes-or-no questions whether they had the motivation to eat each food presented in the motivation sessions. The subjective levels of appetitive motivation during the MEG recordings in the motivation sessions were expressed as the number of food items for which participants replied "yes". Similarly, participants were asked to yes-or-no questions whether they were able to suppress the motivation to eat each food presented in the suppression sessions. The subjective levels of suppression of motivation to eat during the MEG recordings in the suppression sessions were expressed as the number of food items for which participants replied "yes". The experiment was conducted in a quiet, temperaturecontrolled room.
Stimulus presentation
Each session consisted of a set of 100 pictures displayed for 2-s each period followed by a 1-s inter-stimulus interval (Fig. 4) . Ten pictures of typical modern Japanese food items were used, including steak, hamburger, fritter, chicken nugget, French fries, pizza, spaghetti, ice cream, and fried noodles (Science and Technology Agency, 2005) . One day before the experiment, each participant was asked to rate each picture for food preference in order to ensure that disliked food items were not presented. Each picture was used five times to construct a 50-picture set. Mosaic pictures of the original photographs (10 food items) were also used to control for luminance, color, and local features (Allison et al., 1994; Nakamura et al., 2000) . Mosaic pictures were made using commercial software (Adobe Photoshop Elements 6.0, Adobe Systems Inc., San Jose, CA); all of the food pictures were divided into a 30 Â 30 grid and randomly reordered using a constant algorithm. This rearrangement made each picture unrecognizable as food. The original pictures used to generate the mosaic pictures were not disclosed to the study participants. The sequences of pictures for presentation were randomly assigned for each participant, but the same sequences were used between each couple of sessions (e.g., M-1 and S-1 in Fig. 3 ). These pictures were projected on a screen placed in front of the participants' eyes using a video projector (PG-B10S; SHARP, Osaka, Japan). The viewing angle of the pictures was 18.4 Â 14.01.
MEG recordings
MEG recordings were performed using a 160-channel wholehead type MEG system (MEG vision; Yokogawa Electric Corporation, Tokyo, Japan) with a magnetic field resolution of 4 fT/Hz 1/2 in the white-noise region. The sensor and reference coils were gradiometers 15.5 mm in diameter and 50 mm in baseline, and each pair of sensor coils was separated at a distance of 23 mm. The sampling rate was 1000 Hz with a 0.3 Hz high-pass filter.
MEG data analyses
MEG signal data corresponding to the pictures of food items were analyzed offline after analog-to-digital conversion. Magnetic noise originating from outside the shield room was eliminated by subtracting the data obtained from reference coils using a software program (MEG 160; Yokogawa Electric Corporation) followed by artifact rejection by careful visual inspection. The MEG data were split into segments of 1500 ms length ( À 500 to 1000 ms from the start of picture presentation). These data were band-pass filtered by a fast Fourier transform using Frequency Trend (Yokogawa Electric Corporation) to obtain time-frequency band signals using a software Brain Rhythmic Analysis for MEG (BRAM; Yokogawa Electric Corporation) (Dalal et al., 2008) . Localization and intensity of the time-frequency power of cortical activities were estimated using BRAM software, which used narrow-band adaptive spatial filtering methods as an algorithm (Dalal et al., 2008) . These data were then analyzed using statistical parametric mapping (SPM8, Wellcome Department of Cognitive Neurology, London, UK), implemented in Matlab (Mathworks, Sherbon, MA). The MEG anatomical/spatial parameters used to warp the volumetric data were transformed into the Montreal Neurological Institute (MNI) template of T1-weighed images (Evans et al., 1994) and applied to the MEG data. The anatomically normalized MEG data were filtered with a Gaussian kernel of 20 mm (full-width at half-maximum) in the x, y, and z axes (voxel dimension was 5.0 Â 5.0 Â 5.0 mm). The decreased oscillatory powers, that is, ERDs, for β-band (13-25 Hz), α-band (8-13 Hz), θ-band (4-8 Hz), δ-band (1-4 Hz), and γ-band (25-50 Hz) within the time window of 0-1000 ms (every 100 ms) in the suppression sessions relative to the motivation sessions were measured on a region-of-interest basis in order to obtain the neural activation pattern related to the suppression of appetitive motivation. Baseline corrections were conducted with the time window of À 500 ms to 0 ms. The resulting set of voxel values for each comparison constituted a SPM of the t statistics (SPM{t}). The SPM{t} was transformed to the unit of normal distribution (SPM{Z}). The threshold for the SPM{Z} of individual analyses was set at Po0.05 (corrected for multiple comparisons). The weighted sum of the parameters estimated in the individual analyses consisted of "contrast" images, which were used for the group analyses (Friston et al., 1999) . Individual data were summarized and incorporated into a random-effect model so that inferences could be made at a population level (Friston et al., 1999) . SPM {t} and SPM{Z} for the contrast images were created as described above. Significant signal changes for each contrast were assessed by means of t statistics on a voxel-by-voxel basis (Friston et al., 1999) . The threshold for the SPM{Z} of group analyses was set at Po0.05 (corrected for multiple comparisons). Anatomical localizations of significant voxels within clusters were done using the Talairach Demon software (Lancaster et al., 2000) .
MRI overlay
Anatomic MRI was performed using a Philips Achieva 3.0TX (Royal Philips Electronics, Eindhoven, the Netherlands) for all participants to permit registration of magnetic source locations with their respective anatomic locations. Before MRI scanning, five adhesive markers (Medtronic Surgical Navigation Technologies Inc., Broomfield, CO) were attached to the skin of each participant's head (the first and second markers were located 10 mm in front of the left tragus and right tragus, the third at 35 mm above the nasion, and the fourth and fifth at 40 mm right and left of the third one). MEG data were superimposed on MRI scans using information obtained from these markers and MEG localization coils.
Statistical analyses
Data are expressed as mean7SD unless otherwise stated. Pearson's correlation analyses were used to evaluate the relationships between the MEG and subjective variables. All P values were two-tailed, and values less than 0.05 were considered statistically significant. Statistical analyses were performed using the SPSS 18.0 software package (SPSS, Chicago, IL).
